To date the only point mutations demonstrated to cause hemophilia are C to T transitions in Taq\ sites. These were detected by screening Southern blots with cloned factor VIII probes. During the development of improved methods for detecting and analyzing mutations in genomic DNA, a novel G to C transversion mutation has been identified. This rare transversion results in a missense mutation, with proline being substituted for arginine in one of the active domains of the factor VIII molecule. The results suggest that the improved methods will be useful for detecting mutations in hemophilia as well as in other genetic disorders. In this method, specific DNA sequences in genomic DNA are amplified using oligonucleotide primers and a heatresistant DNA polymerase. Mutations are detected and localized in the amplified samples by RNase A cleavage, and the altered region is then sequenced.
INTRODUCTION
Hemophila A, an X-linked bleeding disorder that affects one male in 5000 worldwide, is caused by a defect in blood coagulation factor VIII. Because the disease shows a wide range of clinical severity, it is thought to result from a heterogeneous collection of mutations in the factor VIII gene. In addition, the high incidence of non-familial cases reflects the introduction of spontaneous mutations into the population and suggests that hemophilia might provide an excellent model for the study of mutagenesis in man (1) .
With the cloning of the factor VIII gene, it is now possible to determine the molecular basis of hemophilia (2) . To date, deletions and Taq\ restriction site mutations have been found by Southern blotting in 10% of hemophilia patients studied (3) (4) (5) (6) (7) . In every TaqI site mutation examined, a C to T transition has occurred at the CpG dinucleotide in the recognition sequence (TCGA). These sites appear to be hot spots for mutation since multiple C to T transitions have occurred independently at each position resulting in either a stop codon (TGA) or more rarely a glutamine missense mutation (CAA). The cytosine at CpG is known to be methylated and spontaneous deamination to thymine results in a C to T transition (8) (9) (10) ).
Other mutations in the factor VIII gene must result in hemophilia, but the large size of the gene (186 kb) (2) and inaccessible mRNA (11) have prevented their identification. We report here the application and improvement of two recently described techniques, DNA amplification (12) and RNase cleavage (13) to detect and localize new mutations in the factor VIII coding region.
In the RNase cleavage procedure developed by Myers et al. (13) , a radiolabeled RNA copy of a wild-type cDNA template is hybridized to denatured DNA or RNA. The resulting hybrid is digested with RNase A, and the protected, labeled RNA fragments are analyzed on a denaturing gel. Under optimal conditions, using both sense and antisense probes, approximately 50-70% of single-base mismatches can be identified with RNase A (13) . Although RNase cleavage has been used to detect mutations in mRNA for other proteins (14, 15) , the low abundance of factor VIII mRNA precludes the use of this approach (11). Myers et al. (13) also used RNase cleavage to detect a previously characterized /?-globin gene mutation in genomic DNA directly. We initially attempted a similar approach for hemophilia A using an RNA probe containing 12 of the 26 exons, however a variable and weak signal discouraged us from using this method as a routine screen. To augment the RNase cleavage assay, we have chosen to amplify coding sequences in the factor VIII gene by oligonucleotide primer-directed DNA synthesis (12) using the heat-stable DNA polymerase from Thermus aauaticus (16, 17) . Amplification has the added benefit that mutations located by RNase cleavage can be easily analyzed by cloning and sequencing the amplified DNA (18), or as has been recently described, by direct sequencing (19) . Using these techniques, a novel G to C transversion has been identified resulting in an arginine to prolme substitution in one of the active domains of the factor VIII molecule.
MATERIALS AND METHODS Oligonucleotide Synthesis
Oligonucleotide primers and probes were synthesized on an Applied Biosystems 380A DNA Synthesizer by the methoxy phosphoramidite method (20) . Genomic DNA Isolation DNA was prepared from a cell line with 4X chromosomes and from peripheral blood leukocytes as previously described (21) . RNase Cleavage Sense and antisense RNA probes were transcribed from linearized plasmid pF8.11 using a Promega Biotec transcription kit. Plasmid pF8.11 is a pGEM-3 (Promega Biotec) derived vector containing factor VIII cDNA sequences for exons 20-25 (1050 bp, HpaU/Pmll fragment). Probes of 1 kb were uniformly labeled with S2 P using 50 nCi [ 350 n\ containing 35 pg/ml RNase A (Sigma) and 1 /ig/ml RNase Tl (Sigma, included to degrade small labeled oligonucleotides) in 10 mM Tris-HCl, pH 7.6, 1 mM EDTA, 300 mM NaCl, 100 mM LiCl was added and incubated for 30 min at 20°C. The samples were run on 6% polyacrylamide-urea gels. The autoradiogram was exposed for 3 h. at -70°C. Probes are 15 nt and sequences corresponding to TaqI sites are underlined. Probe 14.6 was used to confirm the V99 sequence.
DNA Amplification
DNA sequences were amplified as described by Kogan et al. (17) in a 100 ^1-reaction volume containing 1 jig genomic DNA, 1.5 mM each dATP, dGTP, dCTP, and dTTP, 50 pmoles each primer (Table I) , and 10% dimethylsulfoxide, in IX reaction buffer [16.6 mM (NH 4 ) 2 SO 4 , 67 mM Tris-HCl (pH 8.8 at 25°C), 6.7 mM MgCl 2 , 10 mM B-mercaptoethanol, 6.7 iM. EDTA, and 170 jig/ml bovine serum albumin]. Samples were heated 5 min. at 95 C C to denature the DNA and briefly cooled to room temperature. One unit Taq polymerase (New England Biolabs) was added to each sample and transfered to 65°C for 1 min. 40 sec. for primer-directed DNA synthesis of a 200-bp region. Subsequent rounds of 30-sec. denaturation, 30 sec. cool-down at room temperature and 65°C synthesis continued for 30 cycles, with 1 unit Taq polymerase added at rounds 10 and 20. Approximately 100 ng target DNA was synthesized, resulting in a 2 million-fold amplification. Slot Blots and Oligonucleotide Hybridization Slot blots of amplified DNA were prepared by denaturing 10% of the amplified DNA sample (10 /JI) in 200 ii\ containing 0.4 M NaOH, 25 mM EDTA. The samples were heated for 2 min. at 95°C, chilled on ice, then loaded on a Zetaprobe nylon filter (Schleicher and Schuell) that had been pre-wetted with 20X SSPE (200 mM NaH 2 PO 4 , 3 M NaCI, 20 mM EDTA) and placed in a slot-blot manifold. The filters were washed with 20X SSPE, baked at 80°C for 1 h., pre-hybridized in 5X SSPE, 5X Denhardt's, 0.5% SDS at 37°C for 1 h., and hybridized overnight at 37°C with the appropriate oligonucleotide probe end-labeled with [-y and from peripheral blood leukocytes of patients V99 and VI36 were amplified using Taq polymerase (16, 17) . The oligonucleotide primers 14.1 and 14.2 direct synthesis at exon 22 and 13.1 and 13.5 at exon 23, resulting in unique amplified fragments of sizes 156 and 145 bp, respectively. 20 /<1 of the amplification reaction was digested with Taq\, and the digestion products were run on a 10% polyacrylamide mini-gel. Taq\ digestion of exon 22 yields two fragments of 130 and 26 bp and that of exon 23 two fragments of 78 and 67 bp.
DNA Sequencing
The exon 22 primers contained SauiA and //mdlll restriction sites, enabling the exon 22 amplified sequences to be readily cloned into the appropriately digested M13mpl9 vector and sequenced by the dideoxy chain termination method (23) .
RESULTS
Two hemophilia mutations of known location but unknown sequence were chosen to test our ability to identify mutations by amplification and RNase A cleavage. These mutations were discovered as aberrant Taqi restriction sites in exons 22 and 23 of hemophilia DNA samples V99 and VI36, respectively (data not shown). Exon 22 and 23 sequences from the two hemophilia DNAs and 4X chromosome control DNA were amplified simultaneously using the two sets of oligonucleotide primers listed in Table I . The amplification was conducted at 65°C, using the heat-stable DNA polymerase isolated from Thermus aauaticus (Taq polymerase; 16, 17) . At this elevated temperature, the hybridization of a pair of primers to a genomic template is sufficiently stringent so that only the appropriate target sequence is amplified resulting in a discrete band. The fidelity of the amplification was confirmed by analysis of the amplified The sizes of the protected bands are approximate due to mismatches between the probe and DNA at the primer sequence and possible "breathing" between the RNA:DNA hybrid (13) . Cleavage at these mismatched sites is dependent on whether a sense or antisense probe is used for the hybridization due to the specificity of RNase A for certain mismatches. Also shown are the probes and the control lanes with RNase-digested probes.
V136 Figure 3 Hybridization of wild-type, nonsense, and missense mutation oligonucleotide probes to amplified DNA samples. 4X, V99 and V136 genomic DNAs were amplified simultaneously with primers specific for both exons 22 and 23 as described in Figure 1 . Amplified sequences were slot-blotted onto nylon filters and screened with 32 P-end-labeled oligonculeotides representing wild-type, nonsense and glutamine and proline missense sequences for the two exons (Table 1) .
DNA samples and their Tagl-digestion products on a 10% polyacrylamide mini-gel, as shown in Figure 1 . A Taq\ digestion for the 4X control sample yields the expected 130-bp fragment from exon 22 (the 26-bp fragment being too faint to be seen), and digestion of exon 23 results in 67-bp and 78-bp fragments. As expected, Taq\ digestion of amplified V99 sequences results in cleavage of exon 23 only and digestion of VI36 in cleavage of exon 22 only.
For the RNase cleavage experiment, sense and antisense radiolabeled RNA transcripts from a factor VIII cDNA subclone were hybridized to the three amplified DNA samples and digested with RNase A (13). Because these RNA probes contain both exon 22 and exon 23 sequences, protected RNA bands corresponding to both exons, as well as the cleavage products, are seen. Figure 2 demonstrates that RNAse cleavage of the sense-strand probe hybridized to V136 results in the appearance of specific 78-and 67-nt bands. In this case, partial cleavage of the exon 23 band to the predicted sizes has occurred. The 67-and 78-nt bands do not appear in the 4X or V99 lanes which contain normal exon 23 sequences, even with a twenty-fold longer exposure. Using the antisense RNA probe, exon 23 is not cleaved in any of the three DNA samples. In contrast, the mutated exon 22 in V99 appears normal when hybridized to the sense RNA probe, but the anti-sense probe is cleaved to a band of predicted size (130 nt).
Because Taql-sne mutations in the factor VIII gene routinely occur by a C to T transition, a series of oligonucleotide probes corresponding to the predicted nonsense and missense mutations were synthesized to rapidly analyze Taql mutations. To determine the sequence in V99 and VI36, the amplified DNA samples were hybridized to labeled oligonucleotides that match the wild-type and the predicted nonsense and missense sequences in exons 22 and 23 (total of six probes, Table I ). The VI36 sample hybridized to the exon 23 nonsense probe proving that the mutation causes a TGA stop codon by a C to T transition. However, the V99 sample did not hybridize to any of the three exon 22 probes and therefore appears to be different from any previously described mutation.
To determine the sequence of the exon 22 Taql site mutation in V99, the amplified DNAs from 4X and V99 were cloned into an Ml3 vector using the artificial restriction enzyme sites incorporated into the 5' ends of the oligonucleotide primers. The amplified 4X DNA was found to have the normal exon 22 sequence. Sequencing the V99 DNA revealed an unexpected G to C transversion altering the Taql site sequence to TCCA. The new sequence in V99 was confirmed by hybridization to two independently amplified samples with an oligonucleotide probe homologous to the TCCA missense mutation (probe 14.6, Table 1 , Fig. 3 ). This missense mutation results in a change from arginine to proline at position 2116 (21) in the factor VIII protein. The V99 and VI36 mutations result in RNA:DNA single-base mismatches (C:C and C:A respectively) which are known to be digested with RNase A (13) and are therefore consistent with the RNase cleavage results.
DISCUSSION
G to C transversions are rarely observed in either bacteria (24) or mammalian genes (25) and although the mechanism for this transversion is unknown, it may result from DNA replication error (26) . In contrast, C to T transitions are common and the mechanism is known to be deamination of methyl cytosine, resulting in an unrepaired thymine (8) (9) (10) . This transversion in V99 is the first to be described in the factor VIII gene. Although this missense mutation may be neutral and not cause hemophilia in patient V99, this substitution of proline for arginine is likely to result in a destabilization of the factor VIII molecule (27) . This mutation occurs in the CI domain of the factor VIII protein, known to be a region important for biological activity (28) . Both patients V99 and V136 suffer from severe hemophilia, having less than 1% normal factor VIII clotting activity; the severity is consistent with both the destabilizing effects of a proline missense mutation and with a truncated protein molecule.
The combined use of RNase cleavage and amplification of genomic DNA sequences provides a means to localize mutations which cannot be detected by Southern blot analysis. An additional advantage of specific oligonucleotide primer-directed amplification is the ability to then rapidly sequence the regions of interest. Futhermore, Taq polymerase allows simultaneous and specific priming at multiple sites and generation of amplified fragments as long as 2000 bp (data not shown). This method is applicable to hemophilia as well as to other genetic disorders. Currently we are screening hemophilia DNA samples by these methods for mutations in regions
